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The implications of quark recombination processes on the dynamics of ultra-relativistic heavy ion
reactions are investigated. To do so, the quark-gluon string transport model has been extended for
recombination and fusion processes. Quark recombination leads to short equilibration times and im-
proves significantly on the theoretical description of measured elliptic flow v2 distributions in Au+Au
collisions at
√
sNN = 200 GeV, in particular what concerns their pseudorapidity dependence. The
shape of v2 is found to be closely related to fast thermalisation.
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Among the various experimental studies of ultra-
relativistic heavy ion collisions operates the Relativistic
Heavy Ion Collider (RHIC) at BNL since 2000 to inves-
tigate gold on gold collisions up to
√
sNN = 200 GeV.
After many years of operation strong experimental evi-
dence has been accumulated that at RHIC energies in-
deed a new state of matter is created which is qualita-
tively different from a hadron gas (see [1] and references
therein). This state seems, however, not to behave like
a weakly interacting gas of deconfined partons - as could
have been naively expected - but rather like a strongly
coupled quark-gluon plasma (QGP). One argument to-
wards such a scenario is the large elliptic flow observed
at RHIC [2, 3, 4, 5, 6]. The development of strong elliptic
flow requires short equilibration times and large pressure
gradients to drive the dynamics, both being characteris-
tic features of a strongly interacting system [7, 8].
Another evidence for this picture is provided by the
hadron species dependence of the elliptic flow [6, 9]. The
observed scaling with the number of constituent quarks
can naturally be explained by the assumption that the
elliptic flow is to most extent already created in the par-
tonic phase and transferred to the hadrons through a
partonic recombination mechanism [10, 11, 12, 13, 14,
15, 16, 17].
In the present work we demonstrate that not only the
size but also the shape of the observed pseudorapidity
profiles of the elliptic flow v2 provide strong evidence
for a partonic recombination mechanism in combination
with fast thermal equilibration. As basis for these inves-
tigations serves a microscopic quark-gluon string model
(QGSM) which has been extended in order to allow for
a partonic recombination procedure motivated by par-
ton coalescence models [13, 14, 15, 16]. By construction,
string cascade models do not contain an explicit quark-
hadron phase transition. However, during the temporal
evolution of a heavy ion reaction a dense and strongly
interacting plasma is formed within such approaches as
well. The system consists of partons and colour-flux
tubes (or strings). Thus, such models can serve as
starting base to study the dynamics of the dense and
strongly interacting medium created at RHIC, in par-
ticular since transverse as well as elliptic flow at SPS
energies is well reproduced within the string-cascade ap-
proach [18, 19, 20, 21].
It was shown in Refs. [22, 23] that the standard ver-
sion of the microscopic quark-gluon string cascade model
(QGSM) is able to describe fairly well the bulk proper-
ties of the elliptic flow v2 measured in
√
sNN = 200 GeV
Au+Au reactions at RHIC. However, a difference in
shape in particular between the pseudorapidity distribu-
tions of the elliptic flow at midrapidity determined in
the experiment and in the simulation has rankled. The
shape of the v2 distributions have been found to be closely
related to anisotropies in the corresponding energy den-
sity profiles and the degree of equilibration [24]. While
the system reaches quickly some sort of a pre-equilibrium
stage within standard QGSM the processes included are
not sufficient to drive the system to a completely ther-
malized state. This changes dramatically when partonic
recombination processes are included. The final conse-
quences for the anisotropic flow turned out to be even
more remarkable.
The standard or default Monte-Carlo version of the
quark-gluon string model [25] which serves as the basis
for the present investigations has been described in detail
in [22, 26]. Based on Gribov-Regge Theory, the produc-
tion of hadrons is described by excitation and decay of
open strings with different quarks or diquarks on their
ends. In that sense the model already incorporates the
partonic structure of hadrons and therefore can provide
a framework for the inclusion of partonic recombination
processes. To trigger these kind of processes, a certain
critical (energy) density is needed in order to allow the
hadrons to overlap. Concerning the implementation of
recombination processes we apply essentially the method
proposed in Ref. [13]: three hadrons are allowed to coa-
lesce if their spatial distance, in the center-of-mass frame,
2is less than ∆x = 0.85 fm. From all possible triplets one
is randomly chosen and the corresponding hadrons are
then decomposed into their constituent partons (quark-
antiquark or quark-diquark) and given a momentum frac-
tion z of the initial momentum of the hadron. Addition-
ally, each pair of partons obtains a transverse momentum
pt of opposite sign and corresponding constituent quark
masses. Both, z and pt are generated from the standard
parton distribution functions used within QGSM.
The recombination process itself requires also an over-
lap of the participating partons in momentum space. The
distance in momentum space of each pair of partons is
evaluated in the center of mass frame. The probability
for recombination is then given by the covariant distri-
bution [13]





Θ(∆2x − (x1 − x2)2CM)
×Θ(∆2p − (p1 − p2)2CM) . (1)
Additionally, in case of three mesons participating, fusion
into a baryon-antibaryon pair is possible with a proba-
bility distribution [13]





Θ(∆2x − (x1 − x2)2CM)









×Θ(∆2p − (p1 + p2 − 2 p3)2CM) . (2)
The momentum coalescence radius ∆p is given by the
uncertainty principle:
∆x∆p = 1 (3)
where the actual distance between the participating
hadrons is used for ∆x. To exclude recombination of par-
ticles with highly different momenta high momentum cut-
offs of ∆p,max = m1 +m2 for the recombination (3→ 3)
mechanism and ∆p,max = m1+m2+m3+0.2 GeV for the
fusion process (3 → 2) are used, where mi corresponds
to the constituent masses.
The recombination (or fusion) processes can take place
if the partons of at least two of the three overlapping
hadrons can recombine into new hadrons. Apart from re-
combining to mesons or baryon-antibaryon pairs, quark-
antiquark annihilation is possible when three mesons par-
ticipate. Thus a quark-antiquark pair of the same flavour,
but belonging to different mesons, may annihilate with
a redistribution of its energy and momentum to the re-
maining mesons. The probability of this process with
respect to 3 → 3 (Pa = 0.04) has been adjusted to re-
produce the experimental dN/dη charged hadron multi-
plicities. By means of this process an effective (3 → 2)
backward reaction for diffractive scattering is included.
From the possible recombination and annihilation pro-
cesses, including the case that nothing happens at all,
i.e. all partons recombine to the original hadrons, the
actual reaction is randomly chosen. These processes
are checked for all combinations of overlapping hadrons,
making thereby sure, however, that particular partons
can only once per time step participate in such processes.
If no recombination (annihilation) or fusion processes
take place normal elastic or inelastic scattering occurs.
Charge conservation is automatically guaranteed. To en-
sure energy conservation, a rescaling procedure for the
momenta in the center-of-mass system of the produced
hadrons is applied.
FIG. 1: Influence of quark recombination on the kinetic equi-
libration time. The figure shows the time dependence of
the equilibration ratio RLE in the central cell of the over-
lap zone for central and semi-peripheral Au+Au reactions at√
sNN = 200 GeV for QGSM simulation including (filled sym-
bols) and without (open symbols) quark recombination.
All particles are allowed to interact via the recombi-
nation process described above, even non-formed (pre-)
hadrons. In order not to shorten or modify the forma-
tion times of the non-formed hadrons, their formation
time is now interpreted on the quark level, meaning the
time for the constituent partons to be fully created. As
a consequence of that each hadron gets a formation time
for each constituent (quark, antiquark or (anti-) diquark)
tf1 and t
f
2. Within a normal production process such as
string-breaking tf1 and t
f
2 are equal. For the recombina-
tion mechanism the newly produced hadrons get the for-
mation times of its constituents. The new hadron will be
fully formed if the lifetime exceeds the larger formation-
time, and partially formed (like a leading hadron) if the
lifetime exceeds the smaller formation time. These par-
tially formed hadrons are allowed to rescatter assuming
3additive constituent cross sections.
First we examine the influence of quark recombina-
tion on the kinetic equilibration in the central cell of the
overlap zone of Au+Au collisions. This cell is given by
−2 fm < x, y, z < 2 fm for a central Au+Au reaction
with impact parameter b = 0 fm and 2 fm < x < 6 fm,
−2 fm < y, z < 2 fm for a semi-peripheral reaction
(b = 8 fm), respectively. The corresponding equilibration
ratio RLE = (Px+Py)/2Pz is determined by the pressure
components in x-, y- and z-direction, Px,y,z (see discus-
sion in Ref. [24]). The QGSM results with and without
implementation of quark recombination are depicted in
Fig. 1.
FIG. 2: Influence of quark recombination on the pseudora-
pidity η dependence of the elliptic flow. Results for v2 for
charged hadrons from the default QGSM (open symbols) [22]
and those obtained with quark recombination (filled symbols)
are compared to PHOBOS data of minimum bias Au+Au col-
lisions at
√
sNN = 200 GeV [5].
A difference in the degree of local kinetic equilibration
is clearly seen, when one compares the default QGSM re-
sults with the quark recombination scenario. The latter
mechanism leads very effectively to a much faster and
smoother equilibration for both, the central and semi-
peripheral collisions. For central reactions, the matter
in the central cell is practically fully equilibrated, i.e.
RLE ≈ 1, after very few fm/c time of evolution. Here,
of course, the effect of the recombination mechanism is
strongest, because it is clearly a density dependent mech-
anism. But even for semi-peripheral collisions the local
pre-equilibrium stage identified by RLE > 1 is remark-
ably shortened compared to the scenario without recom-
bination of partons in the dense stages of the expanding
medium. It should be noticed that the offset of tevol seen
in Fig. 2 is due to the chosen cell size and is of technical
nature. In the first few time steps the pressure is domi-
nated by the longitudinal flow of the nuclei penetrating
the cell. Disregarding this offset one can see that quark
recombination reduces the equilibration time of the sys-
tem approximately by a factor of five from ∼ 10 fm to
∼ 2 fm.
The interplay between fast thermal equilibration and
the amount of anisotropic flow, in particular the ellip-
tic flow, measured in high energy heavy ion reactions is
strongly debated (see e.g. [2, 3, 4, 5, 6, 9, 27, 28] and
references therein). In Ref. [24] the idea has been sup-
ported that a fast and complete thermal equilibration is
not strictly necessary to produce large elliptic flow. Nev-
ertheless, a conspicuous difference in shape in particular
between the pseudorapidity distributions of the elliptic
flow at mid-rapidity determined in the experiment and
in the simulation was observed. Hence it is very natural
to study the effect of the quark recombination mecha-
nism on the azimuthal anisotropy parameter v2 within
the QGSM [22].
FIG. 3: Pseudorapidity distributions of v2 for charged
hadrons from
√
sNN = 200 GeV Au+Au reactions for three
centrality classes according to the PHOBOS analysis [5]. The
identification marking is the same as in Fig. 2.
Fig. 2 shows the pseudorapidity dependence of the
elliptic flow v2 of charged hadrons for minimum bias
Au+Au collisions at
√
sNN = 200 GeV. The QGSM re-
sults including recombination and the standard approach
without recombination [22] are compared with the exper-
imental data of the PHOBOS Collaboration [5]. The el-
liptic flow obtained within the standard QGSM displays
a strong in-plane alignment in accordance with the ex-
perimental findings. At mid-rapdity |η| < 1 the flow pa-
rameter v2 is almost constant, but then it rises up slightly
4followed by a rapid drop at |η| > 2. The emergence of
this peculiar double bump structure in v2(η) was strongly
connected with the model dynamics (for more details see
Ref. [22]). In contrast, the experimentally observed el-
liptic flow shows a pronounced peak at mid-rapidity and
a steady decrease for |η| > 1 [5, 29]. This behaviour is re-
markably well reproduced when recombination processes
are taken into account. The partonic rearrangement pro-
cesses in the dense medium lead to a redistribution of the
elliptic flow of the final hadrons towards mid-rapidity, i.e.
v2 is accumulated at |η| ≈ 0 whereas it is distinctly re-
duced in the region around |η| ≈ 2. Thus, the double
bump structure in v2(η) obtained in the default version
of the QGSM disappears.
This striking feature holds also for the centrality de-
pendence of v2(η) as depicted in Fig. 3. Here, the results
from the QGSM simulation and the PHOBOS analysis
(combined data from the hit- and track-based methods)
for three different centrality classes are overlaid. QGSM
including partonic recombination processes, is able to de-
scribe the magnitude as well as the pseudorapidity depen-
dence of v2(η) remarkably well.
This is a highly non-trivial result, since a simultaneous
description of both observables has neither been achieved
by other standard string-cascade transport models such
as RQMD or UrQMD [30], nor by purely hydrodynam-
ical calculations [31, 32]. So far, only a hydrodynam-
ics+cascade hybrid approach with Glauber model initial
conditions was able to give a fair description of the ex-
perimental data, with the exception of the midrapidity
region in the most central collision class [33]. There it has
been argued that the hadronic cascade provides the right
amount of dissipation to bring the ideal fluid prediction
down to the measured values, especially in peripheral col-
lisions and away from midrapidity.
In summary, it has been demonstrated that partonic
fusion and recombination processes which occur in the
dense medium created in relativistic heavy ion reactions
lead to short relaxation times and drive the system to fast
kinetic equilibrium. The basis for these investigations
was a microscopic transport model, namely the quark-
gluon string model based on the colour exchange mech-
anism for string formation. Moreover, the pseudorapid-
ity distributions of the azimuthal anisotropy parameter
v2(η) of charged hadrons has been found to be intimately
related to the corresponding dynamics. Fast equilibra-
tion due to quark recombination is necessary in order to
obtain v2(η) profiles which are clearly peaked at mid-
rapidity as seen in the data.
In conjunction with our results for the local equilibra-
tion behaviour, this is a strong indication for the creation
of a strongly interacting partonic medium in Au+Au col-
lisions at RHIC which is thermally equilibrated on a very
short time scale.
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